Optogenetic silencing allows time-resolved functional interrogation of defined neuronal populations. 25
Introduction
Perturbation of neuronal activity is a fundamental aspect of neuroscience research, often used to gain 39 insight into the functional roles of particular brain regions, circuits and cell types 1 
. Optogenetic tools 40
have greatly enhanced the precision with which such manipulations can be performed 2 , providing both 41 temporal precision and cell-type specificity to experiments aimed at defining the roles of individual 42 neural circuit components in neural computation or animal behavior. Current optogenetic approaches 43 for silencing of neurons are mainly based on the light-activated microbial rhodopsins halorhodopsin 3, 4 , 44 archaerhodopsin 5 and cruxhalorhodopsin 6 . These proteins pump ions across the neuronal membrane 45 with millisecond kinetics, independently of the electrochemical gradient. These tools allow neuronal 46 silencing with precise temporal onset and offset 5, 7, 8 . However, ion-pumping rhodopsins possess several 47 characteristics that impose substantial constraints on the experimental paradigm and complicate the 48 interpretation of experimental outcomes. These limitations become even more pronounced in cases 49
where neuronal silencing is required for extended periods of time. The unfavorable stoichiometry of one 50 transported ion for each absorbed photon necessitates continuous illumination at high light power. The 51 resulting tissue heating 9, 10 and phototoxicity 11 restrict the optically addressable brain volume that can 52 be efficiently silenced. Furthermore, ion-pumping microbial rhodopsins exhibit a decline in photocurrent 53
Results

84
GtACR2 efficiently silences neuronal activity in vitro and in vivo 85
To determine the utility of ACRs for silencing of neurons we first expressed the three previously-86 described blue light-activated ACRs, GtACR2 16 , iC++ 17 , and iChloC 15 , in cultured rat hippocampal 87 neurons by adeno associated virus (AAV)-mediated gene transfer. Whole-cell patch-clamp recordings 88 from GtACR2-expressing neurons showed reliable outward photocurrents (Fig. 1a ) in response to 470 89 nm full field light pulses. The photocurrent after 1 s of continuous illumination (stationary photocurrent) 90 of GtACR2 expressing neurons clamped to -35 mV was significantly higher than that of the engineered 91 ACRs (eACRs) iC++ and iChloC (628.5 ± 61.8 pA, 330.2 ± 37.9 pA, and 136.3 ± 21.4 pA, respectively; Fig.  92 1b). Given the poor membrane targeting and intracellular accumulation of GtACR2 (Fig. 1c ), the high 93 single-channel conductance of GtACR2 16 is likely the cause for the high photocurrents observed in the 94 whole-cell recordings. While the native GtACR2 seems to outperform the previously-described eACRs, 95 the above findings suggest that improved membrane targeting of GtACR2 would greatly facilitate 96 silencing of neuronal activity. Importantly, this should allow efficient silencing by using significantly 97 lower light power, enabling optogenetic control of a larger brain volume. 98
To verify this prediction, we characterized the efficiency of GtACR2-mediated inhibition in awake, 99 behaving mice with extracellular recordings ( Fig. 1d-g) . To quantify the efficiency of silencing in a large 100 cortical volume, we recorded from mice expressing GtACR2 in pyramidal neurons in the medial 101 prefrontal cortex (mPFC). Mice were implanted with movable fiberoptic-coupled microwire arrays in 102 which electrodes were placed 500 µm below the optical fiber tip ( Fig. 1d ). Using analytical modeling of 103 light scattering and absorption in brain tissue 23 we estimated the light power density at the position of 104 the extracellular recording site to be 0.11% of the light power density exiting the optical fiber 105 ( Supplementary Fig. 1 ). Single-unit recordings showed a significant reduction in neuronal firing rates in 106 response to a 5 s 460 nm light pulse ( Fig. 1e-h) . These recordings showed that out of 100 single units 107 recorded (n = 2 mice, 12 recording sites), 43% and 35% significantly reduced their firing rate at the 108 second highest and highest tested light power densities (0.5 and 1 mW mm -2 , respectively; Fig. 1f ). Half 109 of the silenced units showed a significant firing rate reduction already at the lowest tested light power 110 density (125 µW mm -2 ), with some units completely silenced (Fig. 1e, h) . At the highest light intensity, 111 silenced units showed pronounced rebound activity upon light pulse termination ( Fig. 1g ). Notably, all 112 light power densities used were well below the necessary light powers for in vivo optogenetic inhibition 113 using microbial ion-pumps 8, 6 , indicating that GtACRs can serve as potent inhibitory optogenetic tools for 114 somatic silencing in mammalian neurons. 115
Activation of ACRs in the axonal compartment induces antidromic action potentials 116
We have previously shown that GtACR1 can induce vesicle release from thalamocortical projection 117 neurons upon illumination of their axonal terminals in the acute brain slice 13 . Malyshev and colleagues 118 24 demonstrated a similar effect in GtACR2-expressing cortical pyramidal neurons in acute brain slices. 119
To verify that this excitatory action of GtACRs is not an artifact of the acute brain slice preparation, we 120 evaluated the excitatory effect of ACRs in two separate preparations: in cultured hippocampal neurons 121 and in awake, freely moving mice. Whole-cell patch-clamp recordings in current-clamp mode from 122
GtACR2-expressing cultured neurons revealed that during a 100 ms long illumination pulse, GtACR2 123 reliably inhibited action potential (AP) generation ( Fig. 2a ). However, this was often associated with 124 what appeared to be an attenuated AP shortly after light onset ('escaped AP', Fig. 2a , inset). When 125 recorded in voltage-clamp mode, escaped APs were measured in 6 out of 12 tested GtACR2-expressing 126 neurons in response to 1 ms light pulses at saturating light power (4.5 mW mm -2 ). These escaped spikes 127 occurred even when the recorded photocurrent was an outward current, expected to hyperpolarize the 128 somatic membrane ( Fig. 2b , upper left). We then asked whether these light-evoked antidromic APs are 129 specific to naturally-occurring chloride-channels, or a general feature of light-evoked chloride 130 conductance in the axon. We therefore tested two engineered anion-conducting channelrhodopsins 131 under the same experimental conditions. APs were evoked in response to 1 ms and 1 s long light pulses 132 in 2 / 13 and 7 / 12 iC++ expressing neurons, respectively, showing that this effect is not specific to 133 GtACRs ( Fig. 2b, middle) . No APs were evoked in iChloC expressing cells (n = 22 and n = 15, for 1 ms and 134 1 s long light pulses, respectively; Fig. 2b right) , likely because of the overall smaller photocurrents we 135 observed in cells expressing this construct ( Fig. 1b ). To further test the hypothesis that ACR activation 136 might be depolarizing in some neuronal compartments, we applied spatially-restricted laser pulses to 137 the soma or neurites of cultured hippocampal neurons during whole-cell patch-clamp recordings. Light 138 pulses directed at the soma using a galvanometric mirror system (see Online Methods) induced small 139 hyperpolarizing or depolarizing photocurrents, while light pulses directed to neurites of the same cell 140 evoked antidromic spikes ( Fig. 2c ). 141
These recordings were performed in cultured neurons after at least 14 days in vitro, a stage at which 142 intracellular chloride concentrations should reach the adult state 25 as the expression of the neuronal 143 potassium chloride co-transporter KCC2 26 is fully up-regulated 27 . Nevertheless, chloride homeostasis of neuronal cultures may differ due to reduced concentrations of KCC2 regulators such as insulin 28 in the 145 culture medium. We therefore tested whether activation of GtACR2 could lead to axonal excitation in 146 vivo. We recorded from GtACR2-expressing mice ( Fig. 1d ) using movable fiberoptic-coupled microwire 147 drives at the site of AAV injection ( Fig. 1d-h ). In the same animals, we implanted a second optical fiber 148 terminating at the nucleus accumbens (NAc), a prominent projection target of the mPFC 29 (Fig. 2d ). In 149 response to brief light pulses to the mPFC (5 ms pulse width, 460 nm at 1 mW mm -2 , which corresponds 150 to 28.8 mW at the fiber tip), APs were evoked ( Fig. 2e ,g) in the same AAV-expressing region that showed 151 significant silencing during 5 s light pulses ( Fig. 1d-h ). Moreover, similar 5 ms light pulses delivered to 152 the NAc led to the induction of short-latency APs in the mPFC ( Fig. 2f-g) , presumably due to axonal 153 excitation and antidromic propagation. 154
In summary, light stimulation of GtACR2-expressing axons led to APs in hippocampal neurons in vitro, in 155 thalamocortical projection neurons in acute brain slices 13 and in striatum-projecting cortical neurons in 156 awake, behaving mice. We therefore concluded that chloride-mediated axonal depolarization is a 157 general phenomenon that could confound the analysis of optogenetic silencing experiments. 158
Overexpression of KCC2 reduces GtACR2-mediated antidromic action potentials 159
Based on these findings, we reasoned that if GtACR-mediated antidromic spiking is indeed due to a 160 positively shifted chloride reversal potential in the axon, decreasing the axonal chloride concentration 161 should reduce the probability of antidromic spike generation. The chloride extruder KCC2 26 is up-162 regulated in neurons during development, leading to high endogenous KCC2 protein levels in somatic 163 and dendritic membranes 30 , but does not localize to axons 31, 32, 33 . We first tested whether 164 overexpression of KCC2 leads to its localization to the axonal compartment in cultured hippocampal 165 neurons. We co-transfected neurons with expression vectors encoding the green fluorescent protein 166 mNeonGreen (GFP) and KCC2, or with GFP alone as control. We then labeled the neurons with 167 antibodies against the dendrite-specific microtubule-associated protein-2 (MAP2) and KCC2. 168
Overexpression of KCC2 led to strong KCC2 immunoreactivity in dendrites and somata of transfected 169 neurons ( Fig. 3a ), compared to endogenous expression levels ( Fig. 3a , white arrow). To quantify axonal 170 KCC2 levels, axons were detected as neurites that are GFP-positive and MAP2-negative ( Fig. 3a , zoom 171 in). While mean axonal KCC2 intensity was not significantly different between young (7 days in vitro) and 172 mature (16 days in vitro) hippocampal cultures, KCC2 overexpression led to a 6.6 ± 1.1 fold higher axonal 173 KCC2 signal ( Fig. 3b , ctrl young vs. ctrl mature: P = 0.20; ctrl young vs. KCC2: P = 5*10 -7 ; ctrl mature vs. 174 KCC2: P = 9.8*10 -3 ). KCC2 expression did not significantly shift the chloride reversal potential measured in the soma (Fig. 3c ) or the action potential initiation threshold (rheobase, Fig. 3d ), but indeed led to a 176 significant reduction of GtACR2-evoked antidromic spiking (1 ms light pulses width, 470 nm at 4.5 mW 177 mm -2 ; Fig. 3e ). This result provides further support for the notion that the chloride reversal potential in 178 the axon is depolarizing under physiological conditions. 179 180
Soma-targeting of GtACR2 increases somatic photocurrents and reduces axonal excitation 181
To overcome the two main caveats of GtACRs in respect to their utility as optogenetic inhibitory tools, 182 namely their poor membrane targeting and triggering of antidromic spikes in the axonal compartment, 183
we designed several new GtACR2 variants with altered membrane targeting sequences ( Fig. 4a ). 184
Addition of the ER export and trafficking signals from the mammalian inward rectifying potassium-185 channel Kir2.1 was previously shown to reduce intracellular aggregation of the chloride-pump NpHR 34,35 . 186 Indeed, fusion of these sequences to GtACR2 (eGtACR2) led to reduced intracellular accumulation in vivo 187 ( Fig. 4c , 2 nd column). To reduce antidromic spike generation, GtACR2 should be removed from the 188 axonal compartment. To achieve soma-specific localization of GtACR2, we replaced the ER export signal 189 with the soma-targeting motif of the soma and proximal dendrite localized voltage-gated potassium-190 channel Kv2.1 36, 37 , which was previously shown to enhance soma-localized expression of 191 channelrhodopsin-2 38, 22 . Hypothesizing that destabilizing the protein by adding a protein degradation-192 promoting proline (P), glutamic acid (E), serine (S), and threonine (T) rich sequence (PEST 39 ) could limit 193 the effective lifetime of membrane-resident channels diffusing along the axon, thereby potentially 194 further restricting GtACR2 protein levels outside the somatic compartment. To test these new viral 195 constructs, we infused AAVs encoding them unilaterally into the mPFC of mice, leading to strong 196 fluorescence at the injection site as well as sparse labeling along the injection needle track (Fig. 4b) . 197
Soma-targeted GtACR2 (stGtACR2; Fig. 4c , 3 rd column) as well as the destabilized stGtACR2-PEST ( Fig. 4c  198 ,4 th column) showed improved membrane targeting, strong soma-associated fluorescence and reduced 199 neurite fluorescence ( Fig. 4d ). Functional characterization of the soma-targeted constructs by whole-cell 200 patch-clamp recordings in the acute brain slice showed a 2.6-fold increase in stationary photocurrents 201 compared to untargeted GtACR2, leading to average photocurrents of more than 2 nA when cells were 202 clamped to -35 mV (Fig. 4e ). Improved membrane targeting alone strongly increased the antidromic 203 spike generation probability ( Fig. 5a; eGtACR2 ), while soma-targeting not only increased photocurrents 204 ( Fig. 4e ) but also decreased the probability of inducing antidromic spikes in cultured hippocampal 205 neurons ( Fig. 5a ). Destabilizing stGtACR2 using the PEST sequence led to a less pronounced reduction in 206 antidromic spike generation compared to stGtACR2 (Fig. 5a ). Photocurrents were quantified in the same 207 neurons to verify that the reduced probability of antidromic spike generation is not due to differences in 208 peak photocurrents of the different constructs in cultured neurons (Fig. 5b) . In contrast to the stationary 209 photocurrents in acute brain slice experiments ( Fig. 4e ) peak photocurrents in cultured neurons did not 210 differ significantly between constructs, pointing to a lower membrane targeting efficiency in cultured 211 neurons or an influence of the shorter virus incubation time. Nevertheless, it follows that the dramatic 212 reduction in antidromic spiking for stGtACR2 is not due to lower photocurrents. 213
We next asked whether stGtACR2 and stGtACR2-PEST would show improved performance through 214 reduced light-evoked synaptic release from long-range projecting axons. We injected AAVs encoding the 215 GtACR2 variants together with a second AAV encoding a cell-filling fluorophore unilaterally to the mPFC, 216
to allow for visualization of the axons of cortico-cortical projection neurons in the contralateral 217 hemisphere (Fig. 5c ). During acute brain slice preparation from these mice, the corpus callosum was 218 severed, separating the somata of the transduced cortico-cortical projecting neurons from their axon 219 terminals in the contralateral mPFC. Conducting whole-cell patch-clamp recordings from postsynaptic 220 neurons in areas with fluorescently-labeled axons contralateral to the injection site therefore allowed us 221 to characterize the isolated effect of GtACR2 activation on the axonal compartment. Blue light pulses led 222 to reliably evoked EPSCs in slices expressing the non-targeted GtACR2 (Fig. 5d ). In contrast, the EPSC 223 amplitude was dramatically reduced in slices expressing the soma-restricted stGtACR2 (Fig. 5d ,e; 473.4 ± 224 153.4 pA vs. 34.1 ± 9.5 pA for GtACR2 and stGtACR2, respectively). The increased somatic photocurrents 225 of stGtACR2, together with the near-elimination of antidromic spiking and neurotransmitter release, 226 make it a highly efficient tool for optogenetic inhibition. 227
stGtACR2 mediated BLA inhibition prevents fear extinction learning 228
To verify the utility of stGTACR2-mediated optogenetic inhibition in awake, behaving animals, we chose 229 to use this tool for suppressing basolateral-amygdala (BLA) activity during extinction of auditory-cued 230 fear conditioning, a well-established form of associative learning 40 . The BLA plays a central role in the 231 acquisition as well as extinction of the conditioned freezing response. Based on previous work 41 , we 232 hypothesized that temporally-precise inhibition of the BLA during the delivery of conditioned stimuli in 233 extinction training would suppress the formation of extinction memory. We bilaterally injected mice 234 with AAV encoding stGtACR2 or a fluorophore-only control vector into the BLA and implanted 200 µm-235 diameter optical fibers above the injection sites ( Fig. 6a; Supplementary Fig. 2 ). Following 3 weeks of 236 recovery, mice underwent fear conditioning in context A (Fig. 6b ). Both groups (stGtACR2, n = 8; control, 237 n = 8) showed increased freezing during acquisition (ctrl: from 3.8±1.9% to 39.5±8.1%; stGtACR2: from 238 3.5±1.5% to 29.6±3.5%, Scheirer Ray Hare test H = 52.91, P = 3.5*10 -10 ) with no significant difference 239 between groups (ctrl vs. stGtACR2: Scheirer Ray Hare test H = 0.11, P = 0.74), suggesting that BLA 240 activity is not altered merely by expression of stGtACR2 (Fig. 6c ). To test for fear recall and extinction, 241 mice underwent extinction training two days later in a different context from that in which they were 242 fear conditioned (context B). The extinction protocol consisted of twenty 30 s tone presentations that 243 were paired with blue light delivery (447 nm; 5 mW from each fiber tip). Mice were then tested in an 244 extinction retrieval test the following day in which they were subjected to twenty CS presentations, but 245 no light was delivered (Fig. 6b, right) . During this test, stGtACR2 mice showed higher freezing rates 246 during CS presentation (ctrl vs. stGtACR2: Scheirer Ray Hare test H = 4.30, P = 3.8*10 -2 ), but freezing 247 levels were indistinguishable from control mice during the inter-tone intervals (ctrl vs. stGtACR2: 248 Scheirer Ray Hare test H = 3.6*10 -2 , P = 0.85), indicating that fear extinction was prevented by stGtACR2 249 mediated BLA inhibition during CS presentation. Sierra-Mercado and colleagues 41 , previously showed 250 that inhibition of the BLA by muscimol injection prior to fear extinction interfered with extinction 251 learning. Our results extend these findings, demonstrating that temporally-precise inhibition of BLA 252 activity only during CS presentation using stGtACR2 can interfere with extinction learning. In summary, 253 our experiments indicate that stGtACR2 is a powerful inhibitory optogenetic tool, allowing temporally 254 precise silencing of neuronal populations in vivo. 255
Discussion
256
We took a membrane targeting approach to allow the utilization of the high-conductance Guillardia 257 theta anion-conducting channelrhodopsins 16 as an optogenetic tool in mammalian neurons. While these 258 naturally-occurring channelrhodopsins showed great promise due to their highly efficient photocurrents 259 and light sensitivity 16 , and have proven effective in silencing drosophila and zebrafish neurons 19,20,21 , 260 they have seen little use in mammalian neuroscience applications. This was mainly due to poor 261 membrane targeting and to complex effects on axonal excitability 13, 24 . Our findings indicated that even 262 in its non-targeted form, GtACR2 can efficiently silence neurons in the medial prefrontal cortex of 263 behaving mice. These results were consistent with the high photocurrent amplitudes recorded in 264 neurons expressing GtACR2, compared with cells expressing the engineered ACRs iC++ and iChloC 17,15 . 265 Given the high single channel conductance, favorable photon-ion stoichiometry, and high light 266 sensitivity, the light power density for neuronal inhibition with GtACR2 is at least one order of 267 magnitude lower than that of other silencing opsins 8, 42 . However, despite its apparent high efficacy, a significant portion of the protein seemed to reside in intracellular compartments, where it cannot 269 contribute to functional photocurrents. Furthermore, activation of GtACR2 in our recordings was also 270 associated with antidromic spiking at light onset when illuminating both the proximal and distal axons. 271
We have previously observed GtACR2-mediated triggering of synaptic release in thalamocortical axons 272 13 , consistent with recent reports of antidromic spiking in layer 2/3 pyramidal neurons 24 in the slice 273 preparation. In this study, we observed GtACR2-mediated antidromic spiking in cultured hippocampal 274 neurons, in cortico-cortical neurons in the acute slice and in cortico-striatal axons of behaving mice. Our 275 findings indicate that axonal excitation by a chloride conductance is a general phenomenon, and could 276 reflect a depolarized reversal potential for chloride in the axonal compartment. While such effects have 277 been previously reported, for example in hippocampal mossy fibers 43, 44 , cerebellar 45 and brain-stem 278 axons 46, 47 , systematic evaluation of the phenomenon has been previously restricted to axons that 279 naturally express GABA-A receptors. 280
To determine whether elevated chloride concentration in the axon could indeed lead to GtACR2-281 mediated axonal excitation, we co-expressed the KCC2 transporter with GtACR2 in cultured neurons. 282
The endogenous KCC2 transporter, which is expressed in mature neurons and is known to be 283 responsible for extruding chloride from the somatodendritic compartment 48 , is known to be absent 284 from the axon 31, 32, 33 , potentially permitting a higher chloride concentration in this compartment. Our 285 finding that overexpression of KCC2 resulted in a significant decrease in light-induced antidromic spiking 286 indicates that ACR-mediated antidromic spiking could indeed be the result of a smaller chloride gradient 287 in the axon, even in adult neurons. While this antidromic spiking phenotype would probably not 288 interfere with long-term inhibition experiments (minutes and upward), it might be a confounding factor 289 when temporally-precise (millisecond-scale) inhibition is required. Future work could combine GtACR2 290 stimulation with red-shifted chloride indicators to directly examine changes in chloride levels in the 291 axonal compartment during ACR-mediated chloride conductance. 292
Most importantly, our study demonstrates that the soma-targeted variants of GtACR2 show improved 293 membrane expression in the somatodendritic compartment, and offer superior anion photocurrents for 294 high-efficiency optogenetic silencing of neurons in the mammalian brain. Current optogenetic 295 experiments often involve a sparsely labeled population of neurons that are distributed across a large 296 brain tissue volume 49, 50 . Efficient silencing of such widely-distributed neuronal populations require 297 continuous activity of the inhibitory optogenetic tool 51 , placing considerable constraints related to 298 tissue heating and photodamage 52,9 . Our data indicate that stGtACR2 can provide an effective means of 299 performing such challenging experiments, due to its intrinsically high conductance, which increases its 300 effective light sensitivity in expressing neurons. With increasing distance from the fiber tip, the 301 wavelength dependent transmittance becomes increasingly relevant. For instance, multiplying the 302 action spectra of GtACR1 and GtACR2 16 with the analytically modeled light transmittance curve 23 for 303 brain tissue ( Supplementary Fig. 1 ) revealed that excitation of GtACR2 with 480 nm or of GtACR1 with 304 510 nm would provide optimal light-mediated silencing at 500 µm distance from the optic fiber tip. In 305 experiments that require optogenetic manipulation of functionally-but not anatomically-segregated 306 neuronal populations, stGtACR2 might be combined with red-shifted tools such as C1V1 53 , Chrimson 54 307 or ReaChR 55 . Red-shifted calcium sensors 56, 57 could also be used in combination with stGtACR2 due to 308 its minimal responsivity at wavelengths above 560 nm. Notably, both stGtACR1 and stGtACR2 are also 309 highly advantageous for multiphoton single-cell silencing experiments 58, 59 owing to their somatic 310 restriction 22 and high-amplitude photocurrents. 311
In summary, we have demonstrated that membrane targeting and somatodendritic restriction of the 312 naturally-occurring anion-conducting GtACR2 address two independent constraints of this 313 channelrhodopsin, greatly improving photocurrents and minimizing axonally-generated antidromic 314 action potentials. We were able to achieve high-efficiency neuronal silencing with the optimized 315 stGtACR2 and demonstrated its efficacy for temporally-precise inhibition of amygdala activity during 316 extinction learning. 317
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